According to various advantages of linear induction motor (LIM), such as high starting thrust force, high speed operation and reduction of mechanical losses, more applications have utilized this type of motors. Direct Thrust Control (DTC) technique is considered as one of the most efficient techniques that can be used for LIM. DTC is preferable to give a fast and good dynamic thrust response. So, to improve the accuracy and robustness of contouring control for CNC machine tools, linear induction motors with a direct thrust control technique are introduced for driving these machines. An industry standard motion control system is applied for reducing the tracking error and improving the desired accuracy. Different loading conditions are simulated to validate the reliability and robustness of the introduced system to match the application field. The proposed system is simulated using the MATLAB/SIMULINK Package; simulation results validated both tracking accuracy and robustness of the proposed motion control system for contouring control for a CNC (Computer Numerical Control) milling machine.
I. I NT RO DU CT ION
Linear electric motors (LEMs) belong to the group of special electrical machines. LEMs convert electrical energy directly into mechanical energy of linear motion. Thus, there is no need for wheel, gear or any type of mechanical rotary-tolinear convertors. The linear electric motors are classified into several types such as a single-sided linear induction motors (LIMs), double-sided LIMs, permanent magnet linear synchronous motor, permanent magnet brushless DC motor, and linear stepping motors. Among these, the LIM has many advantages such as high-starting thrust force, alleviation of gear between motor and the motion devices, reduction of mechanical losses and the size of motion devices, high-speed operation, no backlash and less friction. LIM's are now widely used, in many industrial applications including transportation, conveyor systems, actuators, material handling, pumping of liquid metal, and sliding door closers [1] [2] [3] [4] . The driving principle of LIM is similar to traditional rotary induction motor (RIM), but its control characteristics are more complicated than the RIM, and the motor parameters are time varying due to change of operating conditions such as changing of mover speed, temperature, and configuration of the rail. Several control techniques have been used to control the speed and/or position of LIM drives. Among these control techniques, the method of Direct Thrust Control (DTC) is considered as one of the most efficient techniques that can be used for induction motors. DTC is preferable to give a fast and good dynamic thrust response in the small and medium power range applications. DTC technology has simple algorithms, fast dynamic response, robustness against parameter variations, and is ideal for controlling traction motor [5, 6] . DTC does not require either the rotor position detection or the current controller in the rotating coordinate system. The basic principle of DTC is to directly select voltage vectors according to the difference between reference and actual value of thrust and flux linkage. The typical DTC includes two hysteresis controllers; the first is for thrust error correction while the second is for flux linkage error correction [5] [6] [7] [8] .
In this paper the speed control and position tracking control of a linear induction motor using DTC are proposed. First, the DTC is proposed to control both the thrust and flux of the LIM, and then the position and speed controllers are used to achieve the reference speed and position trajectories. The output of the each controller is considered as a reference input to the following controller to maintain the actual motor speed and position close to the reference trajectories. In CNC contouring control, a fast and good dynamic response is considered an important requirement, so an industry standard digital motion control system driven by direct thrust controlled linear induction motors has been proposed. The dynamic model of LIM is presented in section (2). The DTC of LIM is presented in section (3). Simulation results of DTC and discussions are presented in section (4). Proposed motion control system of DTC-LIM for a CNC milling machine are presented in section (5). Simulation results of the proposed motion control system of DTC-LIM are presented in section (6). Fuzzy Logic Control system of DTC-LIM for a CNC milling machine presented in section (7) . Conclusions are presented in section (8).
II. DYNAMIC MODELLING OF LINEAR INDUCTION MOTOR (LIM)
The dynamic model of the LIM is modified from the traditional model of a three phase, Y-connected induction motor in stationary reference frame, and it can be described by the following differential equations [1] [2] [3] [4] [5] . The electromagnetic force can be described in the fixed frame as: α−β fixed frame as:
Where k f is the force constant which is equal to:
III. DIRECT THRUST CONTROL (DTC) The basic block diagram of DTC is shown in fig. (1). The basic principle of DTC is to directly select voltage vectors according to the difference between reference and actual value of primary thrust and flux. The voltage vectors include eight vectors, six of them are considered to be active states, and the remaining two vectors are considered to be zero states. The typical DTC includes two hysteresis controllers; the first is for thrust error correction while the second is for flux error correction. The hysteresis controllers keep the controlled variable within a certain band. The voltage vector selection block is responsible for generating the voltage pattern of the inverter to be fed to the motor terminals. The voltage vector is selected from a look up table based on the output of hysteresis controllers and the sector of the primary flux vector [7] . The estimated values of the primary thrust and flux are calculated in the stationary frame as follows [8, 9] : 
The voltage vector in the stationary frame is calculated from the voltage in abc reference frame from the following equation:
The primary phase voltages are obtained from the switches states by: (4) shows the actual flux of the motor with reference value of 0.5Wb. Figure (5) shows the flux trajectory (relation between direct and quadrature axis components) at the same state. The figure shows a circular trajectory between these components with radius corresponding to the reference value (0.5Wb). Figure (6) shows the direct and quadrature current components. Figure (7) shows the reference and actual thrust trajectory for change from 5N.m to 3N.m at time t=2.5sec., then from 3 N.m 4 N.m at time t=5sec.from 4 N.m to 6 N.m at time t=7.5sec. The reference position is introduced as in equation (16). Figure  (10) shows the reference and actual speed trajectories for the same reference position trajectory. 
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VII. FUZZY LOGIC CONTROL SYSTEM OF DTC-LIM FOR A CNC MILLING MACHINE
In computer numerical control (CNC) machines, in a multi-axis motion control system that has a task of following a desired path, contouring errors arise. These errors are usually in the acceptable range in low speed applications, however they become significant in high speeds, high accuracy applications. The contouring errors have poor effect on the dimensional accuracy of the machined part, and hence the need for implementation of proper contouring controller arises [9] . So, a modified proposed an industry standard motion control system has been introduced. As in the outer loop of position, the controller has been modified and enhanced by using fuzzy logic controller (FLC) instead of a constant gain. The proposed FLC deals with the error in position trajectory, for tracking accuracy assurance. The proposed position controller is shown in figure (11) . The output and input membership functions of the proposed FLC are shown in figure (12-a) Figure (14) shows the error in the position trajectory. It is shown that the maximum tracking error is in about 15 micro-meters. A feed forward motion controller was applied to improve both the tracking accuracy and the contouring accuracy for multi-axis motion control systems as shown in figure (15) . In CNC contouring control, a fast and good dynamic response is considered an important requirement, so a modified industry standard for digital motion control system driven by direct thrust controlled linear induction motors has been examined. CONCLUSIONS A proposed motion control system using direct thrust controlled (DTC) linear induction motor has been introduced. The outer position loop of industry standard motion control system has been enhanced by using fuzzy logic controller instead of using fixed gain based position error. The proposed system is not only error based, but also it includes the rate of change for the error. The introduced system has been simulated, and the results proved that, the proposed system has a good tracking accuracy at different trajectories under different loading conditions, so the system can be applied in contouring control for the CNC milling machines.
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